Phytophthora cinnamomi causes Phytophthora root rot (PRR) in avocado (Persea americana), an important disease that causes severe economic losses to the avocado industry globally. To date, no PRR-resistant avocado rootstock variety has been discovered, although certain rootstock varieties have been shown to be more tolerant than others. In this study we developed an accurate, low cost assay for in planta quantification of P. cinnamomi to evaluate disease tolerance. A nested real time PCR assay was developed to sensitively detect pathogen DNA in plant tissues. Root samples from a highly tolerant (Dusa ® ) and less tolerant (R0.12) rootstock were collected at 0, 3, 7, 14 and 21 days after inoculation with P. cinnamomi and used for pathogen quantification. Nested primers developed in this study were specific and sensitive and could detect P. cinnamomi in root tissues. The amount of P. cinnamomi quantified in roots was significantly higher in the less tolerant R0.12 plants when compared to the highly tolerant Dusa ® plants at all time points. This study has confirmed the known status of disease tolerance of Dusa ® and R0.12 avocado rootstocks in a quantitative manner and provides a reliable molecular tool to J. Engelbrecht, 2, Plant Disease assist with industry breeding programs for the selection of PRR-resistant avocado rootstock varieties.
Introduction
Phytophthora root rot (PRR) is an important disease of avocado caused by the oomycete Phytophthora cinnamomi Rands. It has resulted in severe crop losses in most avocado producing countries around the globe. The first symptoms are brown to black brittle roots which develop after a brief latent period. Thus far pathogen quantification of P. cinnamomi in woody hosts such as avocado has not yet been attempted.
Traditionally, P. cinnamomi detection is based on the microscopic identification of the pathogen after culturing on selective media. However, pathogen quantification by these methods is not entirely reliable as calculations of pathogen biomass by microscopy are laborious and results can differ greatly between investigators (12) . Chemical methods such as fatty acid ergosterol and carbohydrate chitin are used to determine the amount of a specific bio-molecule either present within pathogen cells or released into the environment (5, 17) . Although widely implemented and not as laborious as microscopy, these methods lack specificity and become problematic when field samples are processed and required sample size is high.
In recent years, several techniques have been developed to enhance the detection of P.
cinnamomi (4) . Although conventional PCR has been useful for numerous Phytophthora species, it has not been successful when low levels of target DNA as with latent infections, are encountered. Most importantly, conventional PCR is not quantitative. In contrast quantitative real time PCR (qPCR) allows fast, reliable and accurate detection and quantification of plant pathogens (9, 11) . Sensitivity of qPCR can be greatly enhanced by implementing a nested approach in which a first round of amplification is carried out with conventional PCR and the J. Engelbrecht, 3, Plant Disease resulting product is then quantified in a second step by real time PCR. With nested PCR two primer pairs are designed based on the sequence of a target gene, one of which is nested within the other. Specificity of real time and real time nested PCR can be assessed by gel electrophoresis, melting curves and by sequencing (11) .
The degree of pathogen colonization within a plant may correlate with resistance or susceptibility to a pathogen. In such cases, real time PCR is an ideal tool for detecting differences in host resistance or susceptibility. Qi and Yang (13) were able to show that resistance to rice blast, caused by Magnoporthe grisea, could be accurately evaluated with real time PCR analysis for the pathogen. By the time lesion development became visible, M. grisea was 80 times higher in a susceptible, compared to a resistant rice cultivar. Another study on alfalfa indicated significant correlations between the amount of Phytophthora medicaginis and the severity of disease it caused in this host (16) . We developed a nested quantitative PCR method for in planta quantification of P. cinnamomi in two avocado rootstocks displaying different levels of tolerance to PRR. This assay confirmed the known phenotypic tolerance levels of available avocado rootstocks to PRR and therefore provides a molecular tool that can be used in avocado breeding programs to stream-line and fast-track the selection of rootstocks with high levels of PRR tolerance in a quantitative manner.
Materials and Methods
Phytophthora isolates and plant materials. The P. cinnamomi isolate used for infection assays was provided by Westfalia Technological Services (WTS), situated in Tzaneen, Limpopo, South Africa. In addition, primer specificity was assessed against 21 Phytophthora spp. and 12 P. cinnamomi isolates selected from different geographical locations (Table 1) . Nine-month-old avocado plants of two commercial rootstocks, Dusa ® (highly tolerant) and R0.12 (less tolerant), were also provided by WTS for in planta experiments.
Preparation of zoospore suspension. Phytophthora cinnamomi was first grown on V8 agar plates (50 ml of filtrated V8 juice, 0.5 g CaCO3, 20 g agar, distilled water is added to make up one liter, autoclaved at 121°C for 15 min) for five days. Small agar blocks (10 x 5 mm) containing mycelia were cut from the actively growing margin of the plates and transferred onto empty 90-cm-diameter Petri plates, to which 25 ml of 2% V8 broth (20 ml filtrated V8 juice, 0.2 g CaCO 3 in one liter dH 2 O) was added and incubated for three days at room temperature (ca.
25°C). The broth was removed and agar blocks containing mycelia were rinsed three times with sterilized distilled water after which 25 ml of Whatman 1 mm-filtered stream water was added to each plate. Plates were incubated for two to three days at room temperature under UV light.
Sporangia formation was monitored during this incubation period and once sufficient mature sporangia were observed, the plates were cold shocked by incubating at 4°C for 45 min after which they were removed and left at room temperature for one hour to stimulate zoospore release. The zoospore suspension was decanted from the plates, pooled together and used for inoculation.
Inoculation and sample collection. Avocado roots of two rootstocks (Dusa ® and R0.12)
were submerged for an hour in a five liter container containing zoospore suspension at a concentration of 7.2 x 10 4 /ml (mock inoculated plants were submerged in sterile water) after which they were transplanted into 1.5 liter plastic bags filled with perlite (Chemisphere technologies, Gauteng, South Africa). Once transplanted, the zoospore suspension that was used to infect was divided into even portions and added to treated plants (50 ml per plant). 
Results
Primer design. Real time primer pairs designed for actin and LPV3N consistently amplified the expected single bands of 77 bp for both products (Table 2) . No cross amplification was observed when actin primers were tested on P. cinnamomi DNA or when LPV3N primers were tested on P. americana DNA. J. Engelbrecht, 9, Plant Disease PCR efficiencies and linearity. Known concentrations of ten-fold serially diluted DNA from P. cinnamomi and P. americana were used to construct standard curves (Fig. 1) . Primer pairs showed high qPCR efficiency rates with high linearity (Fig. 1) . Standard curves indicated consistent amplification over the different concentrations of template DNA used.
Sensitivity and specificity. To determine the sensitivity of the assay, a conventional and nested PCR was performed using different amounts of P. cinnamomi DNA, ranging from 200 ng/μl to 2 ag/μl. The lowest concentration detected using conventional PCR was 20 pg (Fig. 2) .
When nested PCR was used, the detection limit was decreased to 20 fg, a 1000-fold enhancement of detection sensitivity. 
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The specificity of the assay was tested with DNA samples from 21 Phytophthora spp.
(one to two isolates per species were tested) by PCR using LPV3N-fwd and LPV3N-rev primers.
The results showed that LPV3N-fwd and LPV3N-rev primers were specific for P. cinnamomi and only produced a fragment of 77 bp for all P. cinnamomi isolates. No cross-amplification was observed with other Phytophthora spp. (Table 1) . Additionally, melting curve analysis of real time PCR products resulted in single dissociation peaks with specific melting temperatures for LPV3N (at 82°C) and actin (at 77°C) confirming that the primers were specific for their target sequences (Fig. 3) .
In planta monitoring of P. cinnamomi. The growth of P. cinnamomi was assessed for three weeks in inoculated avocado rootstocks by qPCR. Total genomic DNA was extracted from infected root materials which contained both plant and pathogen DNA. The amount of plant DNA was quantified by using primers (Actin-fwd and Actin-rev) specific for the avocado actin The quantitative nested PCR was sensitive enough to detect pathogen DNA at all time points except for non-inoculated control (0 dpi). The trend of the ratio of P. cinnamomi DNA per plant DNA over the different time points was the same for the highly tolerant rootstock (Dusa   ®   ) and the less tolerant rootstock (R0.12), however, the amount of P. cinnamomi DNA was significantly higher in R0.12 at all time points (P<0.001) (Fig. 4) . In both the highly tolerant (Dusa ® ) and less tolerant (R0.12) rootstocks the amount of P. cinnamomi DNA increased over a cinnamomi DNA declined. However at 21 days there was detectable DNA in both rootstocks. A significantly higher ratio of P. cinnamomi DNA to plant DNA in the susceptible R0.12 at each time point was present when compared to the highly tolerant Dusa ® .Visual observations showed similar results. R0.12 roots had more necrotic lesions and were black and brittle compared to the tolerant Dusa ® (Fig. 5) . 
Discussion
A nested real time PCR was developed that allowed specific, sensitive and quantitative detection of P. cinnamomi within root tissues of avocado. This assay was highly sensitive, with detection limits as low as 20 fg of P. cinnamomi DNA. This is an improvement in sensitivity vs other DNA based detection methods for P. cinnamomi where 100 fg could be detected (15 as a normalization parameter as has been shown in various studies (3, 4) .
The maximum amount of P. cinnamomi DNA in infected roots was observed at 7 dpi for both the highly tolerant (Dusa ® ) and less tolerant rootstock (R0.12). After 7 dpi, the ratio of pathogen DNA in relation to plant DNA was reduced. This could be due to the elimination of pathogen biomass in the dead tissue as well as to the generation of new roots from the plants.
In this study, the amount of P. cinnamomi DNA in avocado roots as determined by real time PCR correlated well with the known level of tolerance for these two rootstocks. The amount of P. cinnamomi DNA in roots of highly tolerant Dusa This study provides researchers and the industry with a valuable tool to quantify P. cinnamomi in planta. It allows quantification and comparison of the level of infection in avocado rootstocks with varying levels of tolerance. This is the first report that correlates the phenotypic tolerance observed in avocado rootstocks with molecular evidence. This assay has proven to be a useful molecular tool that could be used in breeding programmes where the screening for resistant or highly tolerant varieties against PRR could be speed up and applied in the screening for new anti-oomycete compounds.
